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Abstract 

Di-n-butyl-{2,6-difluorobenzohydroxamato)Tin{IV) (DBDFT), a potential antitumor agent against malignancies, exhibited 
high activities both in vitro and in vivo. Flow cytometric analysis showed that treatment with DBDFT against Human Gastric 
Carcinoma (SGC-7901) cells induced a concentration and time-dependent cell accumulation in the G2/M phase of the cell 
cycle with a parallel depletion of the percentage of cells in GO/Gl, the cell apoptosis was observed by characteristic 
morphological changes and AnnexinV/PI dual-immunofluorescence staining. Fluorescence quantitative FQ- PCR and 
western blot results showed that G2/l\/l-phase arrest was correlated with up-regulation of cyclin dependent kinase inhibitor 
p21, Chk2 and CyclinBl, whereas the expressions of other G2/M regulatory check-point protein, Cdc2, and feedback loop 
protein Cdc25C were obviously down-regulated in a p53-independent manner after the SGC-7901 cells were treated with 
DBDFT (2.5, 5.0, 7.5 |xmol-L~^) compared with the control. Furthermore, the up-regulation of Bax and down-regulation of 
Bcl-2 as well as the activation of caspase-3 were observed, which indicated that DBDFT treatment triggered the 
mitochondrial apoptotic pathway with an increase of Bax/Bcl-2 ratios, resulting in mitochondrial membrane potential loss 
and caspase-9 activation in DBDFT treated SGC-7901 cells. In summary, the results illustrated the involvement of multiple 
signaling pathways targeted by DBDFT in mediating G2/l\/l cell cycle arrest and apoptosis in SGC-7901 cells, which 
suggested that DBDFT might have therapeutic potential against gastric carcinoma as an effective compound. 
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introduction 

During the last few decades, significant attention has been paid to 
the bioactive diorganotui(rV) compounds with similar antitumor 
activity to cisplatin against several human tumors such as gastric 
carcinoma, immature granulocyte leukemia, henrietta carcinoma, 
and urinary bladder [1-3,19]. These diorganotui(rV) compounds 
are active against cancer cells via difiFerent molecular mechanisms [4- 
7]. Recendy, the synthesis and activity of a series of diorganotin(rV)/ 
arylhydroxamate mononuclear complexes, [R2Sn(HL)2] (HL = ar- 
yUiydroxamate) were screened for the preliminary in vitro anticancer 
activity, and most of the compounds exhibited strong cytotoxicities 
toward human HL-60, SGC-7901, Hela and T24 cell lines in our 
research [8]. Among them, a new di-n-butyl-di-(2,6-fluorobenzohy- 
droxamato)tin(IV) {(n-Bu)2Sn{2,6-F2CBH3C(0)NHO}2} (DBDFT) 
(its structure was shown in Figure 1) with arylhydroxamate ligand, 
showed high antitumor activity against several human tumors, 
nevertheless, no obvious toxicity to normal human cells, is probably 
as a potential anti-cancer agent against diverse tumors. 



Cell cycle control is the major regulatory mechanism in the cell 
growth process. Many cytotoxic agents and/or DNA-damaging 
agents arrest the cell cycle at the GO/Gl, S, or G2/M phase and 
then induce cell apoptosis. Generally, mammalian cells respond to 
DNA-damaging agents by activating cell cycle checkpoints, acting 
by delaying cell cycle progression untU errors have been corrected. 
Sequential activation of cyclin-dependent kinases is involved in cell 
cycle regulation and deregulated expression of these proteins is 
commonly observed in cancer cells [9] . 

In mammalian cells, G2/M transition is controlled by Cdc2 
(also known as cyclin- dependent kinase (Cdkl)), which partners 
with cyclin Bl. During G2 phase, the Cdc2/cyclin Bl complex is 
held in an inactive state by Cdc2 phosphorylation at two negative 
regulatory sites, threonine- 14 (Thr-14) and tyrosine- 15 (Tyr-15). 
At the onset of mitosis, the protein phosphatase Cdc25C activates 
the Cdc 2 /cyclin Bl complex by removing the inhibitory 
phosphate groups from Thr-14 and Tyr-15 on Cdc2. The activity 
of Cdc25C in turn is tightly regulated by cell cycle-dependent 
phosphorylation events. The arrest at G2/M is regulated by the 
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Figure 1. Structure of DBDFT. 

doi:1 0.1 371/joumal.pone.0090793.g001 

sequential activation and deactivation of Cdc family proteins and 
cyclin complexes, such as Cdc2/cyclinB complex, which are 
associated with the entrance into mitosis, thereby regulating the 
G2/M transition. The phosphorylation of Tyr-15 of Cdc2 
suppresses activity of Cdc2/cyclinBl kinase complex. Dephos- 
phorylation of Tyrl5 of Cdc2 is catalyzed by Cdc25C phospha- 
tases, and this reaction is believed to be the rate-limited step for the 
entrance into mitosis [16]. G2/M cell cycle arrest mediated the 
phosphorylation of its downstream effector Chk2 [10]. Cdc25C is 
a phosphatase, its function is negatively regulated by p-Chk2- 
induced phosphorylation at Ser-216 residue during S phase and 
DNA damage [11,12]. 

Cell cycle progression is also regulated by the relative balance 
between the cellular concentrations of cyclin-dependent kinase 
inhibitors, such as members of the cyclin-dependent kinase- 
interacting protein/ cyclin-dependent kinase inhibitory protein and 
inhibitor of cyclin-dependent kinase families, and that of cyclin- 
CDK complexes. The Cip/Kip family, including p21/WAFl and 
p27/KIP, binds to cyclin-CDK complexes and prevents the kinase 
activation, subsequently blocks the progression of the cell cycle at 
the G2/M phases [17]. Gdc2 is inhibited simultaneously by four 
transcriptional targets; those are p.53, Gadd4,5, p21, and 14-3-3s 
[13]. P53 is a transcription factor that up-regulating a number of 
important cell cycle-modulating genes such as p21. Part of the 
mechanism by which p53 blocks cells at the G2 checkpoint 
involves inhibition of Cdc2, the cyclin-dependent kinase required 
to enter mitosis. In the absence of Gdc2 dephosphor\iation by 
Cdc25C, and also the direct phosphorylation of cyclinB, the 
accumulation of Gdc2/cyclinB in the nucleus is prevented and 
entrance into mitosis is stalled [14,15]. 

In addition to controlling the cell cycle to regulate the cell 
growth process, several therapeutic and chemopreventive agents 
could eliminate cancerous cells by inducing apoptosis. Cell 
apoptosis is an intracellular suicide program executed by the 
activation of caspases, a family of cytoplasmic cysteine proteases 
[18]. Caspase-3, caspase-8, and caspase-9, as key components of 
the apoptotic machinery, have been shown to be activated in 
apoptotic cells and cleave several cellular proteins including poly- 
(ADP-ribose) polymerase (PARP) protein, the cleavage of which is 
a hallmark of apoptosis. 

The action mechanism of this class of diorganotin(IV) 
compounds is not a first report. For example, the representative 
compound di-n-butyl-di-(4-chlorobenzohydroxamato) tin(rV) 
(DBDCT) was previously investigated and the results indicated 
that DBDCT induced the GO-Gl phase cell-cycle arrest 
associated with increased levels of p21, p27, p53 and induction 
of the mitochondrial apoptotic signaling pathway is perhaps 
mediated by increasing Bax/Bcl-2 ratios, which resulted in the 
release of cytochrome c into the cytoplasm, activation of caspase-3 
and -9, and increased reactive oxygen species (ROS) generation 
[19]. However, in this paper, the investigated mediators treatment 
with another diorganotin(IV) arylhydroxamate, DBDFT is com- 
parable with DBDCT, but the G2/M phase of the cell cycle was 



arrested with a parallel depletion of the percentage of cells in GO/ 
Gl. In our opinion, the cell-cycle arrest is influenced not only by 
p21, p27, p53, Bax, Bcl-2, but also by other mediators which 
haven't been studied yet in other signaling pathways. Interactions 
between these investigated and unknown mediators may produce 
different phase of th(; cell cycle arrest. Detailed reasons about this 
is still being investigated in our laboratory. 

The differences between the two action mechanisms may be due 
to the structural differences between DBDCT and DBDFT with 
similar ligand. Although both DBDCT and DBDFT are based on 
the covalent binding of tin with normal-butyl to the ligand. 
DBDCT is bond to the ligand with a chlorine atom at the 4- 
position of benzene ring, however, the ligand of DBDFT has two 
fluorine atoms at the 2,5-position. Hence, this study was aimed to 
establish the molecular mechanism of the growth suppressive 
effects of DBDFT in human SGC-7901 gastric carcinoma cells ziia 
inducing G2/M phase arrest and apoptosis. 

Materials and Methods 

Reagents 

DBDFT was synthesized in accordance with the method 
reported [37]. Fetal bovine serum (FBS), RPMI 1640, penicillin 
G, streptomycin, and amphotericin B were obtained from 
Hangzhou Every Green Organism Engineering Materials Co., 
Ltd (Hangzhou, PR China). Caspase-3, 8 and -9 activity assay and 
rhodamine 123 detection kits were purchased from Nanjing 
KeyGen Biotech Co., Ltd (Nanjing, PR China). The caspase-9 
inhibitor (Z-LEHD-FMK) was purchased from Enzyme Systems 
(Sacramento, United States). The primers for fi-actin, p21, Chk2, 
Cdc2, Cdc25C, Cyclin Bl, p53, Bax, and Bcl-2 were obtained 
from Shanghai Sangon Biological Engineering Technology and 
Service Co., Ltd (Shanghai, PR China). Antibodies to P-actin, 
p21, Chk2, Cdc2, Cdc25C, Cyclin Bl, p53, Bax, and Bcl-2 were 
obtained from Santa Cruz Biotechnology', Inc. (Santa Cruz, CA). 
The other chemicals used, such as trypsinase, ribonuclease 
(RNase), methyl thiazohi tetrazolium (MTT) and propidium 
iodide (PI), were purchased from Sigma Aldrich Chemical (St. 
Louis, MO). 

Cell lines and Cell Culture 

The following human cell lines were employed in the current 
study, hepatocellular carcinoma (Hep G2), neuroblastoma 
(SHSY5Y), endometrial adenocarcinoma (HEC-l-B), embryonal 
carcinoma (EC), bladder carcinoma (T24), negroid cer\'ix 
epithelioid carcinoma (HeLa), lung carcinoma (A549), gastric 
carcinoma SGC-7901 cells and normal HL-7702 cells were 
obtained from Wuhan boster Biological Engineering Co., Ltd 
(Wuhan,PR China) and cultured in RPMI 1640 medium 
supplemented with 10% heat-inactivated FBS, 100 U/mL peni- 
cillin G, 0.1 mg/mL streptomycin, and 0.25 mg/mL amphoter- 
icin B solution. Cultures were maintained in a 5% CO2 humidified 
atmosphere at 37°C. Cells were seeded onto the plates at a density 
of IxlO'^ceUs per well and incubated for different times prior to 
the experiments. At about 60-80% confluence, cells were washed 
with phosphate-buffered saline (PBS; pH 7.4) and incubated in 
fresh medium containing different concentrations of DBDFT 
dissolved in 70% propanediol, 1% ethylenediamine and 29% 
normal saline solution. 

Animals 

The ICR strain mice (22 ±2 g, male and female in equal 
numbers). This study was carried out in strict accordance with the 
recommendations in the Guide for the Care and Use of 
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Table 1. Nucleotide sequences of the primers. 



Gene 


Forward primer (5 -3 ) 


Reverse primer (5 -3 ) 


Size (bp) 


Chk2 


gtg cct gtg gag agg taa 


tgc etc tet tgc tga ace 


107 


Cdc25C 


ttt ttc caa ggt atg tgc 


tgg aae ttc ecc gac agt 


102 


Cdc2 


gca tec cat gtc aaa aac 


gga tga ttc agt gee att 


107 


Cyclin Bl 


teg age aae ata ett tgg 


gca aaa age tee tgc tgc 


101 


p21 


gag gge aag tae gag tgg 


etg egc att get eeg eta 


170 


p53 


etg gee eet gtc ate ttc tg 


eeg tea tgt get ccg eta aee 


242 


Bax 


tgc ttc agg gtt tea tee agg a 


aeg geg gca ate ata etc tg 


172 


Bcl-2 


ett egc cga gat gtc eag cea 


egc tct cea eac aca tga ecc 


152 


Caspase 3 


tae cag tgg agg eeg act te 


gca caa age gac tgg atg aac 


103 


GAPDH 


tga aeg gga age tea etg 


tec aee aee etg ttg etg 


307 



doi:l 0.1 371 /journal.pone.0090793.t001 



Laboratory Animals of the National Institutes of Health. The 
protocol was approved by the Committee on the Ethics of Animal 
Experiments of Shanxi Medical University of China (License 
number: SCXK DO 1-0 100 7). All surgeries were performed under 
sodium pentobarbital anesthesia, and all efforts were made to 
minimize suffering. 

Measurement of Cell Antiproliferation 

Cell antiproliferation was analyzed by the spectrophotometric 
measurement of the mitochondrial dehydrogenase activity using 
the MTT assay. Briefly, cells were plated in 96-well culture plates 
(1x10^ cells/well). After 24-h incubation, the cells were treated 
with different concentrations of DBDFT for 24 h, respectively. 
Control cell cultures were treated with 70% propanediol, 1% 
ethylenediamine and 29% normal saline solution. At the end of 
each treatment, 10 mL of MTT stock solution (5 mg/mL) was 
then added to each well, and the cells were incubated for an 
additional 4 h. The blue formazan salts produced from the cells 
were dissolved by adding 100 mL of DMSO and the absorbance 
was measured spectrophotometrically at 570 nm using a micro- 
plate reader (TECAN, Schoeller Instruments LLC). Cell growth 
inhibition was expressed as the optical density ratio of the 
difference between the control and the treatment to the control. 
The concentration required for 50% reduction in cell survival 
(IC50) of test substances was calculated using standard curves. 

Assessment of Antitumor Activity in Vivo 

The ICR strain mice (22 ±2 g, male and female in equal 
numbers) were purchased and raised from experiment animal 
center of Shanxi Medical University (License number: SCXK 
DO 1-0 1007). In the in vivo tests, two cell lines were used and one of 
them, H22 is similar to Hep G2 which had been used in vitro. It is 
relatively reasonable to use similar cell lines for both studies. The 
difference between them is that H22 derived from the human 
hepatocellular carcinoma was used for the in vivo studies and Hep 
G2 derived from the mouse hepatocellular carcinoma was used for 
the in vitro tests. Another mouse SI 80 cell line used in vivo was 
transplanted especially for ICR strain mice owing to its high 
transplant survival rate. As a result of providing a lot of uniform 
sarcoma carcinoma growth information and no spontaneous 
remission, the SI 80 is often used for tumor model in drug 
screening for ICR mice in vivo. In this study, mouse model was 
established by implanting SI 80 and H22 cancer cells into mice 
inoculated subcutaneously in the mice's right armpit (1-2 xlO' 



cells per mL, 0.2 mL for each mouse). The experiments included 
six test groups, two negative control groups and two positive cis- 
dichlorodiammineplatinum(II)(DDP) groups. When the cancer 
lump could be touched at the place of inoculation, all mice were 
randomly divided into 10 groups with ten mice each. Samples with 
dosage of 0.0 (negative control), 2.5, 5, 10 mg kg weight for four 
groups were administered through intravenous injection. The 
negative control mice were injected with a saline solution including 
7% propanediol, 0.1% ethylenediamine and 2.9% normal saline 
solution. In the positive control group, DDP with a 2.5 mg.kg"' 
weight dosage was also injected intraperitoneally. At the same 
time, single daily injections for 10 consecutive days. Body weight 
was measured every day, and the general physical condition of the 
mice was also carefully observed daily. At the end of the 
experiment, the mice were sacrificed and the tumors were 
removed and weighed. Effect of the compound on tumor growth 
was expressed as a percentage to that in the control group. 

Cell-Cycle Distribution by Flow Cytometry 

Cell-cycle distribution after treatment with DBDFT was 
determined by flow cytometry DNA analysis after cells stained 
with PI. Briefly, SGC-7901 cells were plated in six-well plates and 
treated with different concentrations of DBDFT for 12, 24, 48 and 
72 h, respectively. Control cells were treated only with 70% 
propanediol, 1% ethylenediamine and 29% normal saline solution 
and cultured in the similar fashion. DDP with a 2.5 |J.mol-L ' 
dosage was also used as the positive control group for 24 h. At the 
end of treatment, cells were collected from the plates by 0.25% 
trypsinization, washed twice with cold PBS, and fixed with ice-cold 
70% ethanol for at least 2 h. The cell pellets were then collected 
by centrifugation (2500 rpm for 3 min) and resuspended in 1 mL 
of PI solution (50 mg/mL in PBS) containing 0.25 mg/mL of 
RNase A. After incubated for 30 min in dark at 4°C, the cells were 
analyzed using a FACSCaHbur flow cytometer (Becton Dickinson, 
BD Biosciences, California United States). Fluorescence emitted 
from the PI-DNA complex was estimated at 488 nm using a 
minimum of 10000 cells per sample and analyzed using Cell Quest 
Alias software (BD Biosciences). For cell-cycle analysis, only single 
cells were considered. 

Flow Cytometric Analysis of Apoptosis 

Apoptosis induction in control and DBDFT-treated SGC-7901 
cells was determined by flow cytometry by quantitating: 1) the cells 
after double staining with Annexin V-FITC (apoptotic cell marker) 
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and PI (necrotic cell marker) solution, or 2) the cells with sub GO/ 
Gl DNA content following staining with PI, as described above for 
cell cycle analysis. Briefly, 1x10^ cells were plated and allowed to 

attach overnight. After treatment of cells with DBDFT for 
specified time, floating and adherent cells were collected by using 
0. 1 % trypsin, washed twice with cold PBS, and suspended in 
500 mL binding buffer (10 mmol/L HEPES buffer, pH 7.4, 
140 mmol/L NaCl, and 2.5 mmol/L CaClj). The cells were then 
treated with 5 |J,L of Annexin V-fluorescein isothiocyanate and 
10 |J,L PI solution (500 mg/L) and incubated in dark for 15 min at 
25°C. The data were analyzed by flow cytometry within 1 h. 

AO/EB Staining 

As for acridine orange (AO) - ethidium bromide (EB) staining, 
cells were seeded at 1x10' cells/mL in 6-well plates for 24 h to 
allow ceU adherence. After incubated, DBDFT-treated SGC-7901 
cells were trypsinized with 0.025% (w/v) trypsin solution, rinsed 
with PBS once, incubated with dye mixture containing 100 mg/1 
AO and 100 mg/1 EB solution of each dye. Cells were 
immediately visualized under a fluorescence microscope (Olym- 
pusIX51, Japan). The quantification of apoptotic cells was 
according to Ribble [20], where apoptotic cells showed green or 
orange condensed or fragmented chromatin. At least 600 nuclei 
per pellet were scored using a fluorescence microscope at a 
magnification of 400 x and apoptotic cells were determined [2 1] 
and the percentage of apoptotic ( (-lis within the overall population 
of total cells was defined as Apoptosis rate. 

Measurement of Mitocliondrial Membrane Potential 

(A(pm) 

Following treatment with various concentrations of DBDFT (0, 
2.5, 5, and 7.5 nmol/L) for the indicated times, cells were washed 
with PBS, harvested by 0.25% trypsinization, resuspended in PBS, 
treated with 2 mmol/L rhodamine 12.3, and then incubated for 
60 min at 37°C. The cells were then rinsed twice with PBS, and 
the fluorescence of rhodamine 123 retained by 10000 cells per 
sample was measured using flow cytometry with excitation at 
475 nm and emission at 525 nm, and analyzed with Cell Quest 
Alias software. The fluorescent intensity of rhodamine 123 stained 
was indicative of the changes in mitochondrial membrane 
potential Aq)^. 

Assessment of Apoptosis Morphology by Hoechst 33258 
Staining 

After treated with DBDFT for different time, both floating and 
trypsinized adherent SGC-7901 cells were collected, washed once 
with ice-cold PBS, fixed with 1 ml 4% paraformaldehyde for 
20 min, and washed once with ice-cold PBS. Then, the cells were 
incubated in 1 ml PBS containing 10 |j,mol/l Hoechst 33258 at 
37°C for 30 min, washed twice, and observed using fluorescence 
microscopy with standard excitation filters in random microscopic 
fields at 400 X magnification. 

Immunocytochemistry of p21,p27,p53 and PCNA Protein 

To better understand the mechanisms underlying anticancer 
activity of DBDFT, we performed assays to determine the levels of 
molecules strongly associated with cell-cycle-control-related mod- 
ulators, such as p53, p21/WAFl, p27, and PCNA. Growth 
arrested cells were treated with DBDFT in the presence of 10 "o 
FBS for various durations at 37°C. CeU lysates were prepared and 
subjected to immunocytochemistry as described previously 
(Yunlan li et al., 2010) [19]. 



RNA Extraction and Fluorescence Quantitative PCR 
Analysis 

Total cell RNA was extracted using a MBI Fermentas RNA kit 
(Shanghai, PR China) according to the manufacturer's instruc- 
tions, and RNA concentration and purity were determined 
spectrophotometricaUy at 260 nm. Total RNA was converted 
into cDNA at 25°C for 5 min, 42°C for 60 min, and 85°C for 
5 min using the MBI Fermentas synthesis kit. Table 1 shows the 
synthetic oligonucleotide primers used for FQjPCR and the 
resulting product sizes. GAPDH was used as an internal standard 
to normalize the mRNA content of aU samples. In order to prevent 
contamination, we replaced dTTP with dUTP and added 0.5 U of 
uracil-DNA glycosylase (UDG) to the PCR system. The amplifi- 
cation was performed by fluorescent quantitative PCR (ABI step 
one plus. Applied Biosystems, Singapore) using FastStart Universal 
SYBR Green Master (Rox) under the following conditions: 
incubation at 50°C for 3 min, followed by denaturation at 95°C 
for 10 min, and 40 cycles of 95°C for 15 s, 56°C for 30 s, 72°C for 
45 s. PCR primers and probe for the target gene UreA were 
designed by Shanghai SANGON Co. Ltd. Data from the reaction 
were collected and analyzed by the complementary computer 
software. Relative quantitations of gene expression were calculated 
using 2 ^^'^^ data analysis method and normalized to GAPDH in 
each sample. 

Protein Extraction and Western Blot Analysis 

SGC-7901 cells that underwent DBDFT treatments were 
collected after various time periods. Cells were then washed with 
cold PBS and lysed in ice-cold lysis buffer for 30 min. Cell lysates 
were centrifuged at 12000 rpm for 10 min at 4°C and protein 
concentrations in supernatants were determined using the Bio-Rad 
protein assay kit. Total proteins (30 |i,g/lane) were resolved by 
15% SDS-polyacrylamide gel electrophoresis (PAGE). After 
elertrophoresis, gels were transferred to nitrocellulose/poly\'inyli- 
dene fluoride (PVDF) membranes by electroblotting. The mem- 
branes were blocked with 5% (w/v) nonfat dry milk in TBST for 
2 h at room temperature and incubated with primary antibodies 
against Bcl-2, Bax, caspase 3, Cyt c, Cdc25c, Cdc2, p-Cdc25c, p- 
Cd(:2 and CyclinBl (nernight at 4°C. Horseradish peroxidase 
(HRP)-conjugated anti-rabbit or anti-mouse IgG was used as the 
secondary antibody. The membranes underwent three 15 min 
washes in TBST with gentie shaking. The same membrane was 
reprobed with anti-P-actin antibody as a loading control. 
Immunoreactive proteins were detected with the enhanced 
chemUuminescence (ECL) kit (Amersham Pharmacia Biotech, 
Piscataway, NJ) and imaged using Kodak BioMax Light films that 
were exposed for 1-10 min. The strength of the signal was 
analyzed using densitometry. Protein levels were standardized by 
comparison with that of anti-P-actin antibody. In addition, 
cytosolic extracts were prepared under conditions that preserved 
the mitochondria, and cytosolic cytochrome c protein levels were 
measured by Western blot analysis. 

Statistical Analysis 

Experiments were performed three times and the differences 
between the treated and control cells were analyzed using the 
Student's t-test. The data were expressed as means ±SD of three 
independent experiments and p<Q.Qb was considered significant. 
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Table 2. In vitro antitumor activity of DBDFT against eight human tumors {x±SD). 



Cell lines Inhibition (%) 







0.1 {^mol/L) 


0.5 (^mol/L) 


1 (|imol/L) 


5 ({imol/L) 


10 (^mol/L) 


SGC-7901 


DDP 


14.57±2.06 


21.48±2.26 


32.41 ±2.59 


83.70±4.93 


87.72±4.94 




DBDFT 


12.92±3.79 


21.82±3.28 


37.23±4.61* 


8 1.08 ±4.92 


88.19±5.35 


Hep G2 


DDP 


4.62 ±2.28 


15.49±3.06 


20.96±3.99 


36.79±3.36 


50.48±3.72 




DBDFT 


3.71 ±1.81 


14.72±2.31 


21.45±4.60 


39.63±4.71 


52.53±4.25 


SHSY5Y 


DDP 


4.47 ±1.08 


1 1.66±2.49 


18.91 ±2.40 


35.39±2.95 


51.18±3.72 




DBDFT 


3.90±2.49 


12.68±1.41 


20.82±3.35 


41.18±3.38* 


49.39±3.16 


HEC-l-B 


DDP 


7.32±2.56 


18.39±3.62 


39.77±4.30 


60.61 ±5.12 


66.35 ±4.98 




UDUr 1 


1 2.38±4.56 


Q~7 -i-A Qn* 


43.1 6 ±2.62 




/ 1 .t5D _ /.UD 


EC 


DDP 


4.12±2.25 


11.98±3.86 


22.73±3.59 


38.71 ±3.17 


58.62±5.19 




DBDFT 


4.83 ±1.83 


15.44±2.61 


25.12±3.67 


41.76±3.49 


55.67±3.57 


T24 


DDP 


3.36±1.19 


12.23±1.26 


21 .21 ±2.85 


35.72±2.98 


74.30 ±2.64 




DBDFT 


3.07±2.00 


11.74±1.46 


21.24±2.67 


51.65±5.78*** 


72.33±1.15 


HeLa 


DDP 


3.53±1.71 


13.78±2.01 


22.17±2.28 


24.64±3.23 


26.91 ±4.28 




DBDFT 


2.59 ±1.98 


13.43±1.15 


23.32±2.03 


34.52±4.05** 


52.34±3.96»»» 


A549 


DDP 














DBDFT 


3.76±2.13 


11.54±1.76 


22.34±2.76 


35.47±1.56 


50.50±2.31 



Note: The SD values were obtained in six independent experiments. Positive DDP group was that with cisplatin as positive contrast drug. " — " indicated that the 

experiment was not performed. 

*p<0.05, 

**p<0.01, 

***p<0.001, DBDFT groups versus positive DDP group. 
*p<0.05 was considered significant. 
doi:1 0.1 371 /journal.pone.0090793.t002 



Results 

Antiproliferative Effects of DBDFT on Human Cancer Cell 
Lines and Normal HL-7702 Cells Growth 

The in vitro cytotoxic activities of DBDFT against eight human 
cancer cell Hnes including SGC-7901, Hep G2, SHSY5Y, HEC-1- 
B, EC, T24, HeLa, A549 cells were observed by the MTT assay as 
shown in Table 2. The results suggested that the antitumor activity 
of DBDFT on SGC-7901 ceUs was similar to or higher (/)<0.05) 
than that of the positive DDP. The antitumor activities of DBDFT 
on other cell lines were slightly lower compared with its activity on 
SGC-7901 cells, but not less than that of the highly active control 



antitumor agent DDP. Moreover, considering the limited space of 
article, only SGC-7901 cells were selected to study the mecha- 
nisms of cell-cycle distribution and apoptosis effects in order to 
compare with the lead compound DBDCT [19]. Effects of 
DBDFT on human cancer SGC-7901 and normal HL-7702 cells 
proliferation were quantified using the MTT assay, as indicated in 
the Materials and Methods Section. DBDFT exhibited strong in 
vitro antitumor activities against human cell lines including human 
cancer SGC-7901. In particular, as shown in Figure 2 (a), 
treatment of SGC-790 1 cells with DBDFT showed the dose-and 
time-dependent inhibition. The results also indicated that DBDFT 
exhibited a significandy higher inhibition against human cancer 




Figure 2. Effects of DBDFT on the proliferation of Kiuman cancer and normal cells at different time with different dose, (a) Dose- and 
time-dependent inhibition of cancer, (b) IC50 of cancer and normal cells. Values are means ± SD of three independent experiments. *p<0.05, 
**p<0.01, versus normal cells. 
doi:1 0.1 371 /journal.pone.0090793.g002 
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cells than that of the normal human HL-77()2 cells (/)<0.05) as 
shown in Figure 2 (b), indicating that DBDFT may have a limited 
but significant selectivity to human cancer cells versus normal cells 

in vitro. 

Especially, as the bar graphs showed in Figure 2 (b), the ICjg 
value of DBDFT on the SGC-7901 cells was 13.5 |J,mol/L 
(r_=0.98), indicated that DBDFT seems less potent in vitro than 
DBDCT reported (its IC50 values on SGC-7901 cells was 
81.6 nmol/L) after 12 h treatment [19]. Nevertheless, the value 
on the human normal HL-7702 cells was only 47.03 |xmol/L after 
12 h treatment (r_ = 0.99), indicating that DBDFT had a 
significant selectivity. In other words, DBDFT may exhibit the 
high antitumor activit)' for cancer cells and the relatively low 
toxicity to normal cells. Hence, we selected SGC-7901 cells to 
investigate the mechanisms by which DBDFT exerts its ceU-cycle 
distribution and apoptosis effects owing to its probability of acting 
as a promising new lead compound for the further structure 
optimization. 

Even though a limited but significant selectivity was observed at 
t= 12 h, the selectivity seemed significantly reduced at t = 24 h 
and t = 48 h (Figure 2 (b)). It suggested that the selective inhibitory 
effects on the tumor cells will be enhanced if DBDFT used in a 
shorter action duration in the further clinical application. 

Inhibition by DBDFT against Tumor Growth in Mice 
Implanted with SI 80 and H22 Cancer 

DBDFT was further investigated on its antitumor activity in vivo 
(administered by intraperitoneal injection) against 8180 and H22. 
The results were given in Figure 3 and Table 3. Compared with 
the normal group, the tumor weight in each DBDFT treated 
group was reduced significandy. There were notable differences 
among the negative control (0 mg kg '), 10 mg kg ' and 
5 mg kg ' dosage group. Administration of 10 mg/kg DBDFT 
by intravenous resulted in a 63.62% (for S180) and 52.05% (for 
H22) reduction of tumor growth after 10 days in comparison to 
the control group. The effect of the DBDFT treatment at 10 mg/ 
kg was stiU lower than the effect of the DDP-treated positive 
control group. But, the in vivo activities for the high dosage 
DBDFT group against SI 80 had no difference with that of DDP 
(/;>(). 05), and there was a dose-elfect relationship and dose 
dependent. The animals demonstrated general tolerance with 
DBDFT treatment and no significant loss of the body weight was 
observed {p>0.05 vs. negative control group). On the other hand, 
the animals administrated with positive DDP showed significant 
reduction of body weight {p<0.05 vs. negative control group). 

DBDCT Induced G2/M Cell Cycle Arrest 

To gain further insight into the mechanism of growth inhibitory 
effects of DBDFT, we assessed cell cycle distribution of SGC-7901 
cells by flow cytometr)-. Treatment of SGC-7901 cells with 
DBDFT for different time could arrest cells at G2/M transition. 
This study further showed that tr("atm(;nt with DBDFT led to an 
obvious G2/M arrest in concentration- and time-dependent 
manners in SGC-7901 cells as shown in Figure 4. 

Treatment of SGC-7901 cells with varying doses of DBDFT for 
24 h resulted in the increased accumulation of the cells in G2/M 
phase (Figure 4A and C(a)). Incubation of cells with 2.5 nmol/L 
DBDFT for 24 h caused 50.7% enrichment of cells in G2/M 
phase compared with the control, that had no difference with 
those of the same dosage DDP (/)>0.05) for 24 h. In a time- 
dependent experiment, maximum accumulation of ceUs in the 
G2/M phase was observed after treatment of cells with 2.5 |imol/ 
L DBDFT for 48 h, which was reduced after exposed for 48 h 
(Figure 4B and C(b)). At the 72 h timepoint, this effect was 



markedly reduced (Figure 4B and C(b)). We can infer that the 
anticancer agents such as DBDFT with obvious cytotoxicity 
generally not only participate in the proliferation, migration, 
differentiation of programmed apoptosis and cell cycle distribu- 
tion, but also lead to necrosis of tumor cells. Before treatment of 
cells with 2.5 |xmol/L DBDFT for 48 h, a programmed cell 
apoptosis and cell cycle distribution were the major main mode 
and necrosis was the secondary one. So, time-dependent 
accumulation of cells in the G2/M phase was observed. However, 
when treated with DBDFT over a longer period, tumor cells were 
accompanied by membrane disintegration, suggesting the damage 
effect of DBDFT on tumor cells was mainly resulted from the late 
apoptosis and necrosis without program instead of the pro- 
grammed cell apoptosis and cell cycle distribution. Consequently, 
time-dependent accumulation of cells in the G2/M phase was 
markedly reduced at the 72 h point. Interestingly, the increase in 
percentage of cells in G2/M phase after 48 h treatment with 
2.5 |imol/L DBDFT was associated with a concomitant increase 
in apoptosis through activation of the mitochondrial pathway. A 
further increased late apoptosis rate was also observed at 72 h 
treatment (Figure 5). 

DBDFT-lnduced Apoptosis in SGC-7901 Cells through 
Activation of the IVlitochondrial Pathway 

Immunofluorescence with AO/EB staining was simultaneously 
performed to reveal vigorously growing cells (green) and necrosis 
or terminal apoptosis cells (orange) (Figure 5A). The microscopic 
examination showed that the live SGC-7901 cells in the control 
group displayed normal green nuclei, while DBDFT-treated cells 
showed membrane blebbing and bright dense granular masses of 
chromatin aggregated along the periphery of the nuclear 
membrane, indicating early apoptosis. For a further assessment 
of apoptosis, SGC-7901 cells were stained with Hoechst 33258 
following exposure to 2.5 and 5.0 |xmol/l DBDFT for 24 h 
showed an increased number of cells with reduction of cellular 
volume, bright staining, chromatin condensation or fragmented 
nuclei, and nuclear fragmentation, characteristics of apoptosis in 
comparison to the control cells (Figure 5B). Rates of DBDFT- 
induced apoptosis in SGC-7901 cells were studied by annexin-V/ 
PI staining with flow cytometry. Apoptotic rate was calculated as 
the percentage of apoptotic cells from at least 600 counted cells 
within the cells population [21]. 

The differences between the control group and DBDFT treated 
groups were statisticaUy analyzed in Figure 5 C and D. Cells that 
positive- stained for annexin V-FITC and negati\(: for PI were 
undergoing (-arly apoptosis. Cells that positive stained for both 
annexin V-FITC and PI were in the late stages of apoptosis, and 
undergoing necrosis, or were already dead. Normal alive ceUs were 
negative stained for both annexin V-FITC and PI and not 
undergoing measurable apoptosis. The stained cells can be 
analyzed by two-color flow cytometry. The results showed that 
the apoptosis rates increased (/)<0.01) in a dose- and time- 
dependent manner in DBDCT-treated ceUs by flow cytometry and 
AO/EB staining as shown in Figure 5D (a) and (b). 

To investigate the mitochondrial apoptotic events involved in 
DBDFT-induced apoptosis, we analyzed the changes in the Bcl-2 
family proteins, Atp,,,, release of cytochrome c, activation of 
caspase-3, the levels of pro-apoptotic proteins Bax, and anti- 
apoptotic proteins Bcl-2. To evaluate the effects of DBDCT on 
mitochondrial membrane potential, ceUs were pretreated with the 
fluorescent mitochondria specific stain rhodamine 123, and the 
changes of mitochondrial membrane potential were measured by 
flow cytometry. As shown in Figure 6A(a) and (b), DBDFT 
significandy decreased mitochondrial membrane potential 
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Figure 3. DBDFT inhibits the growth of tumor in mice implanted with SI 80 and H22 cancer. iVIice were treated every day via tail vein with 
DBDFT and cisplatin for 10 consecutive days. Images of the subcutaneous tumors de rived from the SI 8 and H22 mice are shown, (a) SI 8 mice; (b) 
H22 mice (means±SD). 
doi:1 0.1 371 /journal.pone.0090793.g003 



{/)<0.001) in a dose- and time-dependent manner in SGC-7901 
cells. 

Fluorescence quantitative PGR analysis showed that treatment 
of SGC-7901 cells with DBDFT increased Bax mRNA levels 
significantly (p<0.001), and decreased Bcl-2 levels, which led to a 
significant increase in the pro-apoptotic/ anti-apoptotic Bcl-2 ratio 
{^<0.001) (Figure 6B). Western blot analysis showed similar results 
that treatment of SGC-7901 cells with increasing doses of DBDFT 
and increasing durations significantly increased the proapoptotic 
Bax level, decreased the antiapoptotic Bcl-2 level, and also 
increased the proapoptotic Bax/antiapoptotic Bcl-2 ratio 
{^<0.001) (Figure 6C). In addition, cytosolic extracts were 
prepared under conditions that allowed preservation of the 
mitochondria, and cytosolic cytochrome c protein levels which 
were measured by Western blot analysis (Figure 6C). The eflFects of 
DBDFT treatment on the expression of cleaved caspase-3 were 
also examined. As shown in Figure 6C, two intense bands at 
17 kDa and 19 kDa were detected with the increasing doses of 
DBDFT using an anti-caspase-3 antibody. 



The results shown in Figure 6B and C indicated that DBDFT 
induced significant increases (/)<0.001) in caspase-3 level and 
cytochrome c release in human SGC-7901 cells in a dose- and 
time-dependent manner. The mRNA levels of caspase-3, one of 
the farthest downstream components in the caspase cascade, 
increased significantly (/)<0.001). This was in agreement with its 
role as an effective mediator of apoptosis, indicating that 
regulation of caspase-3 protein was mediated via modulating 
expression of its mRNA. These data indicated that loss of 
mitochondrial membrane potential may be required for the 
DBDFT-induced release of cytochrome c into the cytosol, which 
could later trigger the cleavage and activation of mitochondrial 
downstream caspases and the onset of apoptosis. 

DBDFT Induced Cell-Cycle Arrest and Regulated its 
Modulators of p53, p21, p27, PCNA along with the 
Downstream Effectors, Bax and Bcl-2 

The mechanism by which DBDFT inhibits cell proliferation 
might also affect the expression of negative and positive regulators 
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Table 3. In vivo antitumor activity of DBDFT against mice SI 80 and H22 {x±SD). 





Cells 


Dosage (mg kg ^) 


Mice weight (g) 


Average tumor weight 

(g) 


Inhibition (%) 


P 


Initial/Final (10 days) 


SI 80 


0.0 


23.29±1.28/27.62±3.66 


2.39 ±0.64 








2.5 


23.19±0.91/27.65±1.51 


1.88±0.16 


21.04* 


<0.05 




5.0 


23.29 ±1.1 5/26.66 ±2.02 


1.59 ±0.44 


33.36** 


<0.01 




10.0 


23.33 ±1.47/25.27 ±2.02 


0.87±0.27 


63.62** 


<0.01 




2.5 (Positive DDP) 


23.36±1. 14/21. 19±1.93 


0.52±0.24 


78.24** 


<0.01 


H22 


0.0 


23.03±0.82/28.04±2.93 


2.12±0.50 








2.5 


23.20±0.73/27.70±3.95 


2.02±0.34 


4.53 






5.0 


23.42±0.67/26.98±4.00 


1.57±0.35 


25.19* 


<0.05 




10.0 


23.12±0.72/25.04±2.67 


1.02±0.16 


52.05** 


<0.01 




2.5 (Positive DDP) 


23.23±1.59/20.16±1.41 


0.58±0.39 


79.15** 


<0.01 



Note: Mice number for the starting and final test was 10. The dosage of each sample were 0.0 mg kg"' (normal group), 2.5 mg kg"' (Low dosage group), 5 mg kg 

(Middle dosage group), 10 mg kg"' (High dosage group), respectively. Positive DDP group was that with cisplatin as positive contrast drug. The SD values were 

obtained In ten independent experiments. 

*p<0.05, 

♦*p<0.01. 

doi:1 0.1 371 /journal.pone.0090793.t003 




Figure 4. Effect of DBDFT on the cell cycle distribution of SGC-7901 cells. A Cells treated with 0.0, 2.5 and 5.0 |imol/L DBDFT for 24 h were 
collected and processed for analysis. B Cells treated with 2.5 [xmol/L DBDFT for different time was collected and analyzed. C The percentages of the 
cell population in each phase (G1, S, and G2/IVI) of cell cycle were analyzed during DBDFT treatment, (a) 24 h, (b) 2.5 |imol/L 
doi:1 0.1 371 /journal.pone.0090793.g004 
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Figure 5. Representative images of DBDFT-induced apoptosis detection. A IVlorphological observation of fluorescence microscope with AO/ 
EB double staining. B Cell apoptosis morphological changes were examined by Hoechst 33258 staining and observed under fluorescence microscope. 
C AnnexinV/PI dual-immuno- fluorescence staining after treatment with DBDFT (0, 2.5 and 5 ^imol/L) for different time revealed significantly 
increased number of apoptotic and necroticcells (measured with Annexin V+/PI+ cells). Percentages of each phase were calculated during the course 
of DBDFT treatment. Values are means±SD of 3 independent experiments. The asterisks indicate significant differences between the control and 
DBDFT-treated groups, *p<0.05; **p<0.01. *p<0.05 was considered significant. 
doi:1 0.1 371 /journal.pone.0090793.g005 



of the cell cycle. To evaluate the role of both cell cycle inhibitor 
and tumor suppressor genes in DBDFT-induced G2/M cell cycle 
arrest, the protein expression of the negative regulators p21, p27, 
and p53, and the positive regulator Proliferating Cell Nuclear 
Antigen (PCNA) by immunocytochemical staining. The expres- 
sions of p53 downstream effectors such as p21 and p27 are 
inhibitors of cyclin/Cdk complexes involved in Gl/S transition. 
The mean value in five random fields was regarded as the relative 
quantity of protein expression. The results showed that the 
expression levels of p21 and p27 were increased significantly 
lj)<0.0l) after treatment with 2.5 |j,mol/l DBDFT for 24 h 
(Figure 7 (a) and (b)) compared with the control group. 
Consistently, the level of key cell-cycle regulator p53 in the 
SGC-7901 cells treated with 2.5 |imol/l DBDFT for 24 h was also 
higher (/)<0.05) than that in the control group (Figure 7(c)). In 
addition to its ability to bind and inhibit cyclin/Cdk complexes, 
p2 1 also has the ability to interact with PCNA, an auxiliary protein 
of DNA polymerase 5, an enzyme necessary for DNA synthesis. 
PCNA is involved in the core processes of DNA replication, 



recombination and repair, and cell-cycle control. Our results 
showed that the expression of PCNA was decreased after 
treatment with 2.5 nmol/l DBDFT for 24 h (Figure 7 (d)), 
however, there was no significant difference (/)>0.05) between 
DBDFT-treated and the control cells, which indicated that the 
DNA repair proteins were not activated under the present 
experimental conditions. 

We also investigated the expression of p53 downstream effectors 
such as Bax and Bcl-2, which are key factors involved in the cell- 
cycle arrest and apoptotic death. A change of the Bax/Bcl-2 ratio 
is known to initiate caspase signaling. Fluorescence quantitative 
PCR analysis showed (Figure 6B) that the mRNA level of Bax was 
increased in the DBDFT-treated groups, while the level of Bcl-2 
was reduced in a dose- and time-dependent manner compared 
with the control group. Furthermore, the Bax/Bcl-2 ratio also 
significantiy increased in a dose- and time- dependent manner 
(/)<0.001) in the DBDFT-treated groups compared with the 
control group (Figure 6C) by western blotting analysis. The active 
mRNA and protein level of caspase-3 (/)<0.001) in SGC-7901 ceUs 
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Figure 6. DBDFT induced apoptosis of SGC-7901 cells through the initiation of the mitochondrial pathway. A Effect of DBDFT on (Acpm) 
reduction. SGC-7901 cells were incubated with rhodamine 123 and the fluorescence intensity was measured by flow cytometry. B Fluorescent 
quantitative PCR analysis of mRNA level. Results were normalized according to GAPDH levels (n_ = 3). C Western blotting analysis expression level of 
Bcl-2 family proteins. Results were normalized according to p-actin levels (n_ = 3). Molecular mass (kDa) markers are indicated on the right, (a) for 
24 h. (b) 2.5 |j.mol/L DBDFT. The asterisks indicate significant differences between the control and DBDFT-treated groups, *p<0.05; **p<0.01, 
***p<0.001. 

doi:1 0.1 371 /journal.pone.0090793.g006 



was also increased in a dose and time- dependent manner after 
treated with DBDCT (Figure 6B and C) by fluorescence 
quantitative PCR and western blotting analysis. DBDFT upregu- 
lated the expression levels of p21, p53, Bax, and downregialated 
Bcl-2 mRNA significantly (/)<0.001) in a dose and time- 
dependent manner. On the basis of these results, we hypothesized 
that the DBDFT mediated cell-cycle arrest might occur through 
the induction of p21 in a p53-dependent manner in SGC-7901 
cells. 



DBDFT Increased p21 Expression through p53- 
dependent Pathway 

Our studies showed that DBDFT treatment of SGC-7901 
cancer cells resulted in G2/M phase cell cycle arrest, we examined 
the effect of DBDFT on cell cycle-regulatory molecules, including 
p21, p53, Chk2, cyclinBl, Cdc25C, and Cdc2. As shown in Fig. 8, 
DBDFT affected the expression of p53 and increased the 
expression of p21 at the examined time in SGC-7901 cells. 
Furthermore, fluorescence quantitative PCR analysis was used to 
determine the expression of p53 and p21 at the mRNA level, as 
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Figure 7. DBDFT induced cell-cycle arrest and its effect on modulators of cell cycle in SGC-7901 cells. A Image of immunocytochemical 
staining (250 x). B Effects of DBDCT on protein quantitative expression, (a) p21, (b) p27, (c) p53, and (d) PCNA. The absorbance value of positive 
brown cells was detected by image analysis software. The asterisks indicate significant differences between the control and DBDFT-treated groups, 
*p<0.05; **p<0.01. *p<0.05 was considered significant. 
doi:1 0.1 371 /journal.pone.0090793.g007 



detected by immunocytochemical staLning(Figure 7). The results 
showed that DBDCT also upregulated the expression of p2 1 and 
p53 mRNA significandy (/)<0.001) in a dose- and time-dependent 
manner. DBDFT treatment resulted in a dose- and time- 
dependent decrease the expression of Cdc25C as well as Cdc2 
at both mRNA and protein levels in SGC-7901 cells (Figure 8A 
and B). 

In addition, the association of Chk2 and cyclinBl at mRNA 
level increased in a dose- and time-dependent manner in DBDFT- 
treated SGC-7901 cells (Figure 8A). There was no significant 
difference (/)>0.05) in the protein expression of cyclinBl, however, 
the protein expression of Chk2 increased in a dose- and time- 
dependent manner between the control and DBDFT-treated 
SGC-7901 cells by western blotting analysis(Fig. 8B). Furthermore, 
exposure of cells to DBDFT resulted in an increase in the levels of 
inactive phospho-Cdc2 (Tyr 15) and phospho-Cdc25C (Ser 216). 
Results from dose- and time-dependent studies indicated that 
decreasing functional Cdc25C by increasing phosphorylation was 
followed by an increase in phospho-Cdc2 (Figure 8B). Based on all 
of these results, we suggested that Cdc2 action was inhibited by a 
decrease in Cdc25C and Cdc2 expression and an increase in the 
association of p21 and Chk2 through p53-dependent pathway. 

Discussion 

DBDFT, a new derivative of antitumor diorganotin(IV) 
compound with high antitumor activity against several human 
tumors, is potentially useful as an anti-cancer agent against diverse 



tumors, however, its molecular mechanism responsible for the 
antitumor effect has not been elucidated fully. This paper reported 
the antitumor eflFects in vivo (Figure 3), and the activity in vitro 
against a wide variety of human cancer cell lines (Table 3). The 
results illustrated that G2/M-phase arrest (Figure 4) and the cell 
apoptosis (Figure 6) are involved in the mechanism responsible for 
the antitumor effects of DBDFT. Also, these mechanisms found in 
this study are similar to the other new diorganotin(IV) arylhy- 
droxamates, for instance, di-n-butyl-(4-chlorobenzohydroxamato)- 
tin(IV) (DBDCT), which influenced cell-cycle progression, induced 
S and G2-M arrest and apoptosis accompanied with caspase 
activation, reactive oxygen species (ROS) generation, and 
induction of the mitochondria-mediated pathway of SGC-7901 
cells [19]. Notably, the cancer-ceU-specific cytotoxicity as indicated 
by the stronger anti-proliferative activities on human cancer SGC- 
7901 cells than that on human normal liver HL-7702 cells 
(Figure 2) was made DBDFT a potential anti-cancer agent with 
probably less toxicity to normal cells. 

It is well known that cyclin protein and cyclin- dependent kinase 
(CDK) are two major components in the cell cycle regulation [32], 
which can combine into the activated cyclin-CDK Kinase 
complex to promote the cell cycle transport. As one of the most 
important Gdkl, Cdc2 plays an important role in entrance to 
mitosis, and the inhibition of Cdc2 activity results in G2/M arrest 
in various cell lines [22,31] Cdc2 interacts with cyclin Bl, and 
activation of the Cdc2/cyclin Bl complex is required for the 
transition from G2 to M phase of the cell cycle [25]. When the 
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Figure 8. Effects of DBDFT on cell cycle-regulatory molecules. A Relative mRNA levels in SGC-7901 cells by fluorescent quantitative PCR. (a) 
for 24 h. (b) 2.5 |imol/L DBDFT. B Western blotting analysis expression level of cycle-related molecules. Results were normalized according to p-actin 
levels (n_ = 3). Molecular mass (kDa) markers are indicated on the right, (a) for 24 h. (b) 2.5 |imol/L DBDFT. The asterisks indicate significant 
differences between the control and DBDFT-treated groups,*P<0.05; **P<0.01, ***P<0.001. *P<0.05 was considered significant. 
doi:1 0.1 371 /journal.pone.0090793.g008 



Cdc2/Cyclm Bl complexes are formed, cdc25C, a protein 
tyrosine phosphatase, thereby allows progression to mitosis [14]. 
On the other hand, the tumor suppressor gene p53 plays a critical 
role in the regulation of cell cycle along with the induction of 
apoptosis [26] and regulates the inhibition of cell growth [23]. In 
response to stressful conditions, p53 accumulates due to post- 
translational modification, resulting in cell cycle arrest and 
apoptosis [24]. Our results indicated that DBDFT induced 
apoptosis (Figure 5) in SGC-7901 cells with a concomitant 
increase in the level of p53 (Figure 7). Two members of the cip/ 
kip family of cyclin dependent kinase inhibitors, p21cipl and 
p27kipl, have been shown to play important roles. P27kipl 
functions to maintain cells in Gl until appropriate stimulation 
occurs, and is suppressed by costimulatory signal, p21cipl likely 
plays a complementary role to p27kipl by regulating cell cycle 
inhibitors Cdkl and cyclinBl at G2/M, as shown herein under 
conditions of strong costimulation. The p2 1 gene and protein, are 
necessary for sustaining G2/M arrest after DNA damage [33] and 
interacting with cyclinBl, PCNA, to form the original complex, 
which could competitively bind with PCNA to avoid the 
dephosphorylated of Cdc2 catalyzed by cdc25 and inhibit the 
phosphorylation of Cdc2 induced by CDK-activating kinase to 
inhibit the activity of CDK 1 [34] . Investigations conducted in our 



laboratory has also shown that DBDFT depressed PCNA 
(Figure 7), a nuclear protein that plays a central role in DNA 
repair and replication. It was suggested that the decreased PCNA 
is not involved in nucleotide excision repair (NER) of DNA 
without delay, consequently induced G2/M-phase cell cycle arrest 
and apoptosis. The p21, a transcriptional target of p53, is strongly 
induced by DNA damage in cells expressing functional p53 
[27,28] and plays a crucial role in the G2/M checkpoint [27] as 
well as p27 due to its inhibitory effect on the cdc2/cyclin-B 
complex [29]. Up-regulation of p21 and p27 by chemotherapeutic 
agents had been reported to be associated with G2/M arrest in the 
cell cycle [30] . Based on these findings and our results (Figure 7) as 
we predicted, the induction of p21, p27 and accumulation of p53 
by DBDFT could cause a G2/M arrest in SGC7901 ceUs, which 
implied that p21 might inhibit the cyclin Bl-CDKl activity to 
promote G2/M cell cycle arrest in DBDFT treated tumor cells. 

To explore the precise mechanism of apoptosis induced by G2/ 
M cell cycle arrest in SGC-7901 cells, the Bcl-2 family proteins 
were examined (Figure 6). Bcl-2 family proteins play an important 
role in mitochondrial apoptosis pathway, which contains pro- 
apoptosis (Bax) and anti-apoptosis proteins (Bcl-2). The Bax/Bcl-2 
ratio has a close relationship with the extent of apoptosis [35]. 
Our results showed that Bax was up-regulated while Bcl-2 was 
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down-regulated at the same time, and the Bax/Bcl-2 and Bax/Bcl- 
xl ratio increased plainly parallel to the concentration of DBDFT 
(Figure 6 B and C), and further demonstrated that the 
mitochondrial apoptosis pathway through caspase activation was 
involved in the DBDFT treatment. We also determined the 
caspase activation. The caspases, a family of cysteine proteases, 
were activated in a cascade of sequential cleavage reaction from 
their inactive zymogen precursors. Caspase-3 is an executioner 
caspase, which upon activation can systematically dismande cells 
by cleaving key proteins. Activation of caspase-3 was observed in 
DBDFT-treated cells (Figure 6 B and C). Disruption of the A(p^ 
(Figure 6A) and the release of cytochrome c, had also been 
observed (Figure 6 C) and recognized in several forms of apoptosis 
[36]. 

lin this study, we found that the reduced activity of Cdc25C and 
a subsequent increase in Gdc2 phosphorylation (Figure 8) could 
lead to cell cycle arrest at the G2/M phase (Figure 4). DBDFT 
activated phospho-Cdc2, which may be due to the decrease of 
Cdc25 activation by phosphorylation, leading to subsequent G2 
arrest. In a word, DBDFT decreased the expression of Cdc25C, 
and Cdc2, meanwhile it could increase the amount of cyclinBl, 
p21, and phosphorylation of Cdc2, as well as phospho-Cdc25C. 
The association of p21/WAFl and Cdc2 also increased in 
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